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ABSTRACT

Pathways of docosahexaenoic (DHA) biohydrogenation are not known; however,
DHA is metabolized by ruminal microorganisms. The addition of DHA to the rumen
alters the fatty acid profile of the rumen and milk and leads to increased trans-18:1
isomers, particularly trans-11 18:1 and 22 carbon fatty acids. This study included four
in vitro experiments to identify if these are produced from DHA or if they come from
other sources that are affected by DHA. In each experiment, ruminal microorganisms
collected from a lactating Holstein cow were incubated in batch cultures for 0, 6, 24, and
48h and a uniformly 13C DHA was added to the cultures at 0 h as a metabolic tracer. In
all experiments, any fatty acid that was enriched with the 13C label was determined to
arise from DHA. In chapter 1, palmitic (C16:0), stearic (C18:0), all trans-18:1,
eicosanoic (C20:0), and docosanoic (C22:0) acids were examined for enrichment.
Chapter 1 included 2 experiments utilizing 10ml batch cultures that examined 0, 0.5, 1, 2,
and 3% DHA supplementation to determine if DHA is converted into trans-18:1 and if
the level of DHA effected its conversion into trans-11 18:1. Trans-18:1 isomers
increased 254, 185, 256, and 272% from 0 to 48 h when DHA was supplemented at 0.5,
1, 2, and 3%, respectively; however, there was no label in trans-18:1 at any time.
Docosanoic acid was highly enriched at 24 h and 48 h to 20.2% and 16.3%. Low levels
of enrichment were found in palmitic and stearic acids. Enrichment of docosanoic acid
decreased linearly with increased DHA supplementation. Chapter 2 studies utilized 25ml
batch cultures with 0, 0.5, and 1% DHA to examine unsaturated 22 carbon fatty acids. In
0.5% DHA cultures, up to 2 isomers of C22:5, 4 isomers of C22:4, 5 isomers of C22:3,
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and 5 isomers of C22:1 were isolated in 6, 24, or 48h cultures. In 1% DHA cultures, up
to 5 isomers of C22:5, 6 isomers of C22:4, 5 isomers of C22:3, and 3 isomers of C22:1
were isolated in 6, 24, or 48h cultures. No isomers of unsaturated 22 carbon fatty acids
were isolated from cultures when DHA was not added. Over time, the isotope profiles
changed from 55% C22:5 at 6h to 35% C22:3 and 29% 22:1 at 48h. All of the 22 carbon
unsaturated fatty acids contained the 13C label indicating that they are produced from
DHA. These experiments indicate that DHA is not converted into C18:1 fatty acids but is
hydrogenated to 22 carbon fatty acids.
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CHAPTER ONE
LITERATURE REVIEW

Fats are included in rumen diets as a way to increase dietary energy. Different fat
sources contain unique fatty acid profiles and have varying effects on the rumen
environment as well as the ruminant’s physiology. Fish oils are included in dairy rations
either as a component of fish meal or as dietary supplements marketed to improve
reproductive performance. Fish oils contain high levels of omega-3 polyunsaturated fatty
acids (PUFA) which are known for their health benefits; one particularly important fish
oil fatty acid is docosahexaenoic acid (DHA).

Fatty acids are composed of a hydrocarbon chain with a carboxylic acid group on
one end and a methyl group on the other. Fatty acids that contain multiple double bonds
along the hydrocarbon chain are referred to as PUFA. If the double bond closest to the
methyl end is 3 carbons from the methyl end, it is referred to as an omega-3 fatty acid.
Double bond inclusion decreases the melting point of fatty acid. In plants, high levels of
omega-3 fatty acids in the chloroplast membrane have been credited with protecting
plants during cold weather (Sinclair et. al., 2002). In mammals, omega-3 fatty acids are
important for healthy skin and growth as well as reproductive, retinal, cardiovascular, and
mental function (Sinclair et. al. 2002).
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DOCOSAHEXAENOIC ACID

Sources of DHA
Docosahexaenoic acid (DHA) is one of the major bioactive fatty acids in fish oil.
Docosahexaenoic acid is a 22 carbon omega 3 fatty acid with 6 double bonds. It is
produced by marine algae which fish consume and it is biosynthesized by fish from
linolenic acid (Vidgren 1997 and Bell 2001). Some plants including wild beet, plantain,
hedge mustard, and some varieties of goosefoot have also been found to contain DHA
(Guil et. al., 1996).

Although DHA is present in many fish, the levels vary depending on the species
and diet the fish are consuming. Examples of fish oils containing DHA include:
menhaden fish oil (7.3-11.5% DHA), catfish oil (3.1% DHA), whitefish oil (8% DHA),
and Peruvian anchovy oil (10.9% DHA) which together demonstrate the range of DHA
levels in fish, particularly highlighting the higher levels of DHA found in marine fish
sources compared to freshwater fish sources (AbuGhazaleh et. al., 2009; Amorocho et.
al., 2009; Cruz-Hernandez et. al., 2007; and Innis et. al., 1995). Innis et. al. (1995) found
that both marine and freshwater fish oil sources containing DHA increased rat heart and
kidney DHA levels; however, the marine fish oil source increased rat plasma, liver and
brain DHA levels while the freshwater fish oil source did not; indicating that marine fish
oils may be a more effective source of DHA.
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In order to maintain tissue DHA levels in mammals, DHA can be included in the
diet or DHA can be synthesized in the body from precursors. Although DHA can be
biosynthesized from linolenic acid in humans, the rate of conversion is very small, less
than 0.1% (Hussein et. al., 2005). The pathway of mammalian DHA synthesis is shown
in figure 1.1 and includes successive desaturation and elongation steps to produce EPA
(Qiu, 2003). After EPA is produced, the fatty acid goes through two more elongations
and a desaturation to form C24:6, which then goes through one round of β-oxidation to
remove two carbons and form DHA (Qiu, 2003). Some microorganisms that contain
additional desaturase enzymes including Δ4, 12, and 15 can produce DHA from stearic
acid and reduce the number of steps required to convert EPA to DHA (Qiu, 2003).
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Figure 1.1. Mammalian biosynthesis of DHA from linolenic acid.
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Biological Effects of DHA
DHA has been shown to have a variety of biological effects in many species.
DHA is found in high levels in brain tissue and has been associated with brain function in
regards to auditory, olfactory, learning, memory, and appetite events as well as neuron
size and nerve growth factor levels (Sinclair et. al. 2002). DHA and other long chain
omega-3 fatty acids have also been associated with anti-inflammatory, anti-arthritis, anticardiovascular diseases, and anti-carcinogenic effects (Wall et. al., 2010 and Bravo et. al.,
1991).

In the retina, DHA accounts for 50% of the phospholipid fatty acids that make up
the disc membrane of retinal photo receptors (Kurlak and Stevenson 1999). These disc
membranes hold the rhodopsin protein that is the light capturing molecule of the rod cell.
It is believed that DHA is the preferred fatty acid for this phospholipid bilayer because it
can easily transition from a compact form creating a thin membrane to an extended form
to accommodate the rhodopsin molecule as it undergoes photo-activated conformational
changes (Kurlak and Stevenson 1999). Additionally, increased membrane fluidity
associated with PUFA may enable G protein movement along the membrane (Kurlak and
Stevenson 1999). Kurlak and Stevenson (1999) proposed that increased fluidity may also
be the reason that DHA is found at such high levels in brain tissue.
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In 1991, Bravo et. al. found that DHA and EPA (eicosapentaenoic acid) had anticarcinogenic effects against human lung carcinomas grown in rats. Combined DHA and
EPA supplementation resulted in 45% less tumor growth than in control rats.
Additionally, they reported a 7.4 fold reduction in prostaglandin E2, which may have
been a factor in the reduced tumor growth. Prostaglandin E2 is also important in
reproduction where it affects the placenta (Keelan et. al., 2003).

DHA can play an important role in the proper functioning of the reproductive
tract in dairy cows. In 1997, Burke et. al. found that feeding fish meal improved
reproductive efficiencies and also improved milk and milk protein production in one
dairy but had no effect on another. This may indicate herd or cow specific sensitivity to
DHA or indicate interactions between DHA supplementation and confounding factors
such as body condition score. In 2001, Thatcher et, al. found that DHA and EPA
supplementation suppressed prostaglandin F2α secretion in bovine endometrial cells.
They hypothesized this suppression would prevent the inhibitory effects of prostaglandin
F2α on the corpus lutea and would result in increased pregnancy rates. In 2010, Silvestre
et. al. reported that feeding fish oil as 1.5% of the diet increased pregnancy rates at 60d
and decreased pregnancy losses. These studies indicate that feeding fish oils can be a
valuable tool to improve reproductive performances of dairy herds.
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RUMINANT DIGESTION

As ruminants, cows have four compartments to their stomachs: the rumen,
reticulum, omasum, and abomasum. The stomach is followed by the small intestines
composed of the duodenum, jejunum, and ileum. The rumen is the first and largest
compartment and houses a variety of microorganisms. The microorganisms exist in a
symbiotic relationship with the cow in that the microorganisms are able to digest fibers
such as cellulose that are indigestible to mammals and the cow provides a warm
anaerobic environment with a constant supply of food for the microorganisms. After the
microorganisms have broken down the feed components, the cow is able to digest both
the components and the microorganisms that wash out of the rumen into the rest of the
digestive tract. This is a useful system that allows cows to survive on feedstuff that they
would not otherwise be able to digest, but it means that when thinking about feeding a
cow, it is important to also think about feeding the microorganisms (Van Soest, 1994).

Feeding fats to ruminants
Feeding fats to cows is particularly complicated. Fats can be a valuable way to
increase the total energy in a diet and specific fatty acids may be beneficial to the cow,
but they can also have negative effects on the microorganisms. There are three major
groups of fats found in the diet. From the forage portion of the diet, most of the fat
consumed by dairy cows is in the form of glycolipids where two fatty acids and a sugar
such as galactose are attached to a glycerol backbone by ester linkages (Van Soest, 1994).
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Phospholipids are also prevalent in forages as a major component of cell membranes and
they include 2 fatty acids, a phosphate group, and an organic molecule such as choline
bound to glycerol (Van Soest, 1994). Triglycerides, composed of the glycerol backbone
with three fatty acids attached to it with ester bonds, are the primary fat source in the
grain or concentrate portion of the diet (Van Soest, 1994). Ulven et. al.(2010), reported
that DHA is included in different lipid classes depending on source. It may be
incorporated into triglycerides as in fish oil or into phospholipids as seen in krill oil. In
humans, the source lipid class can effect absorption and utilization of DHA; however, it
is unlikely to effect a ruminant due to efficient hydrolysis of fatty acids from both
triglycerides and phospholipids.

Each lipid class contains fatty acids that can vary in carbon chain length and
saturation. DHA and many of the other fatty acids included in a ruminant diet are PUFA.
From a mammalian standpoint PUFA are often considered to be healthy; however PUFA
can actually be toxic to microorganisms. Butyrivibrio fibrisolvens is one of the major
microorganisms involved in microbial fatty acid alterations in the rumen (Maia et.al.,
2010). In 2010, Maia et. al. found that when unsaturated fatty acids are incorporated into
the microbial cell membrane of Butyrivibrio fibrisolvens they increase the permeability of
the cell membrane, negatively impacting the integrity of the cell. Maia et. al. (2010)
identified this loss of cell integrity as a mechanism of PUFA toxicity and identified that
the highly unsaturated fish oil fatty acids EPA and DHA are highly toxic to ruminal
microorganisms.
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In order to minimize the toxic effects of PUFA and to utilize fats for energy,
ruminal microorganisms are effective at metabolizing fats into their components and
eliminating the toxic double bonds. The first thing that happens to a fat when it enters the
rumen is lipolysis. Lipolysis is enzyme-catalyzed hydrolysis that releases fatty acids
from lipids (Gibney, 2009). Microorganisms including Anaerovibrio lipolytica secrete an
extracellular lipase that acts on esterified long chain fatty acids and also contain cell
bound general esterase that can act on any ester bond (Van Soest, 1994). Once the fatty
acids are released from the glycerol back bone the microorganisms remove the double
bonds in the PUFA through a process called biohydrogenation.

The pathways of 18 carbon fatty acid biohydrogenation are well documented. In
1988, Harfoot and Hazelwood described the microorganisms involved in
biohydrogenation as being classified as either group A or group B bacteria. Group A
bacteria can isomerize and hydrogenate 18 carbon fatty acids to monounsaturated fatty
acids. Group B bacteria can hydrogenate monounsaturated fatty acids to stearic acid.
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Figure 1.2. Pathways of Linoleic acid biohydrogenation.

The basic pathways of linoleic acid biohydrogenation as depicted by Shingfield
et. al. (2010) are depicted in figure 1.2. Under normal circumstances, group A bacteria
isomerize linoleic acid primarily to cis-9, trans-11 CLA then hydrogenate to cis-9, trans11 CLA to trans-11 18:1. Next, group B bacteria hydrogenate trans-11 18:1 to stearic
acid. Diets that are high in concentrates, high in PUFA such as fish oils, or contain
ionophores can induce milk fat depression. Diets that induce milk fat depression shift the
pathway of linoleic acid biohydrogenation to produce higher amounts of trans-10, cis-12
CLA and trans-10 18:1. In addition to these two major CLA forming pathways, a variety
of other minor pathways produce additional CLA and trans-18:1 isomers (Shingfield et.
al. 2010).
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Figure 1.3. Linolenic acid biohydrogenation

Hartfoot and Hazelwood (1988) described the pathway of linolenic acid
biohydrogenation as depicted in figure 1.3. The first step was presented as isomerization
by group A and group B bacteria to cis 9 trans 11 cis 15 18:3 followed by hydrogenation
by group A and group B bacteria to trans 11 cis 15 18:2. Next the trans-11 cis-15 18:2
was thought to be hydrogenated either by group B bacteria to trans-15 or cis-15 18:1 or
by group A bacteria to trans-11 18:1. Cis and trans-15 18:1 are final end products while
trans-11 18:1 can be hydrogenated by group B bacteria to stearic acid. In 2010,
Shingfield et. al. proposed that a multitude of additional C18:3, C18:2 and C18:1 isomers
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may be produced from linolenic acid. In 2011, Lee and Jenkins reported incubating 13C
linolenic acid in ruminal batch cultures and found the 13C label in many of the 18 carbon
intermediates that had been previously predicted, confirming that they are produced from
linolenic acid biohydrogenation. Additionally, Lee et. al. (2011) discovered 13C label in a
variety of conjugated linoleic acid (CLA) isomers indicating CLA can be produced from
linolenic acid as well as linoleic acid. Although biohydrogenation of 18 carbon fatty
acids has been well characterized, little is known about what happens to DHA in the
rumen.

DHA IN THE RUMINANT

Biohydrogenation of DHA
What we do know about DHA in the rumen is that the microorganisms have
developed some way of dealing with this highly toxic PUFA. Doreau and Chilliard
(1997) continuously infused fish oil into the rumen and reported that although more DHA
was detectable in duodenal contents of cows ruminally infused with fish oil (0.51%) than
control (0.10%), much of the DHA was lost. They identified increased duodenal levels
of unidentified C20 and C22 fatty acids in cows ruminally infused with fish oil (12.84%)
above control cows (1.26%) and proposed that DHA was being hydrogenated into these
fatty acids. In 2005, Loor et. al. injected DHA either into the rumen or the duodenum of
dairy cows and found that when DHA is injected into the duodenum more DHA is
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transferred to milk (3.11g/d) than when DHA is injected into the rumen (0.92g/d). They
reported this difference was a result of hydrogenation of DHA in the rumen.

Wasowska et. al. (2006) reported losses of DHA in cultures of sheep ruminal
digesta but not in pure cultures of B. fibrisolvens, which may indicate other bacteria are
responsible for their losses. Addition of DHA reduced growth and linoleic acid
isomerase activity in B. fibrisolvens, indicating that although DHA was not affected by B.
fibrisolvens in this study, B. fibrisolvens was affected by DHA. Although this study is
informative, it also highlights that ruminal batch cultures containing mixed ruminal
microorganisms more adequately model the rumen environment than pure cultures.

Dohme et. al. (2003) reported in vitro rates of DHA biohydrogenation. They
reported that lipolysis and biohydrogenation both occurred in ruminal batch cultures, but
that increasing levels of fish oil decreased the percent of both lipolysis and
biohydrogenation at 24h. Lipolysis rates fell from 83% to 58% and biohydrogenation
rates decreased from >90% to <30% as fish oil increased from 12.5mg to 125mg per
culture. AbuGhazaleh and Jenkins (2004b) also found that DHA disappeared from
ruminal batch cultures inoculated with Holstein rumen fluid. They reported the
percentage of DHA that disappeared from cultures decreased from 60% to 7% as DHA
level in cultures increased from 1% to 4% of the diet. Both of these studies indicate that
high levels of DHA inhibit the conversion of DHA into less toxic compounds.
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Several in vivo studies have also examined biohydrogenation of DHA. Wachira
et. al. (2000) fed fish oil to lambs, resulting in 1.9g/kg DM DHA and 3.9g/kg DM EPA in
the diet. They calculated biohydrogenation from duodenal flow of fatty acids and found
72% of DHA and 78% of EPA were hydrogenated. In dairy cows, Rego et. al. (2005)
found that DHA levels in milk decreased from control (0.06%) when fish oil was
supplemented at 160g/d (0.17%) but increased when fish oil was supplemented at 320g/d
(0.43%).

Algae can be used as a source of DHA. AbuGhazaleh et. al. (2009) found no
difference in milk fatty acid composition of DHA or milk production measurements when
fish oil was replaced with algae. Franklin et. al. (1999) found that protecting algae with
xylose effectively increased the percentage of DHA in milk from 0.46% to 0.76% when
compared with feeding untreated algae.

Calcium salts have also been used to prevent negative effects of feeding fats and
to minimize biohydrogenation (Jenkins and Palmquist, 1984 and Wu et. al., 1991).
Castaneda-Gutierrez et. al. (2007) fed calcium salts of fish oil to Holstein cows and
compared the effects on milk fat to cows that were ruminally infused with unprotected
fish oil and cows abomasally infused with fish oil. They found more DHA was
incorporated into the milk in the abomasally infused cows (0.63%) than the calcium salt
(0.14%) or unprotected fish oil (0.20%). These results confirm ruminal biohydrogenation
of DHA and indicate that calcium salts do not prevent biohydrogenation of DHA.
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In ruminal batch cultures, Ashes et. al. (1992) reported no hydrogenation of DHA
or EPA occurred in batch cultures inoculated with sheep rumen fluid after 48h. They
reported that fish oil had undergone complete lipolysis in these cultures by 24h as well as
biohydrogenation of 18:2 and trans-18:1 in these cultures, indicating that the cultures
were capable of biohydrogenation of other fatty acids but not biohydrogenation of DHA.
These results contradict the findings of Dohme et. al. (2003) that conditions that limit
biohydrogenation also restrict lipolysis. Ashes et. al. (1992) also found that feeding
rumen protected marine oils to sheep resulted in incorporation of DHA and EPA into
serum lipids and muscle phospholipids, but not into subcutaneous adipose tissue or
muscle triglycerides. They proposed that this indicated there was no hydrogenation of
DHA or EPA in the rumen and that there was preferential partitioning of DHA and EPA
into membrane phospholipids instead of triglycerides. The varied rates of
biohydrogenation rates of DHA that have been reported (0 to >90%) indicate that level
of DHA supplementation and a variety of dietary and external factors may be involved in
regulating biohydrogenation of DHA.

Changes in fatty acid profile
Adding docosahexaenoic acid to the rumen alters a variety of fatty acids.
AbuGhazaleh and Jenkins (2004b) observed several changes in the ruminal batch culture
fatty acid profile when DHA was supplemented. DHA supplementation increased trans18:1 isomers and inhibited the biohydrogenation of oleic and linoleic acids with 1, 2, 3,
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or 4% DHA supplementation. They also reported decreased stearic acid in all DHA
cultures by 24h. Doreau and Chilliard (1997) reported total C18:1 fatty acids increased
from 13 to 36% and stearic acid decreased from 54 to 7.9% in duodenal contents when
fish oil was added to the rumen.

Donovan et. al. (2000) supplemented fish oil at 0, 1, 2, and 3% in lactating dairy
cows and reported changes in milk fat composition. Total C18:1 isomers, trans-11
C18:1, and cis-9, trans-11 CLA increased as DHA levels rose to 2% then stabilized
through 3% DHA. They also reported an inverse response of stearic acid. This indicates
that the milk fat composition reflects the changes in rumen fat composition. Boeckaert
et. al. (2008) reported a 6-fold increase in trans-11 18:1 in milk of cows fed 0.935% algae
after 6d that was consistent through 20d. This was accompanied by elevated oleic acid
and depressed stearic acid; however, there was no effect on linoleic or linolenic acid.
These results indicate increased levels of trans-18:1, particularly trans-11 18:1, are
consistent across many studies with DHA supplementation while effects on stearic,
linoleic, and linolenic acids are more inconsistent.

There can be interactive effects of fish oil with other dietary fatty acids. In 2006,
Whitlock et. al. found that replacing soybean oil with fish oil increased trans-11 18:1,
total 18:1, linoleic, and linolenic acids in milk fat when as little as 0.33% of the soybean
oil was replaced with fish oil. They found no effect on stearic acid. Palmquist and
Griinari (2006) found replacing sunflower oil with fish oil linearly decreased stearic and
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linoleic acids and increased trans-11 18:1 and oleic acids. When Cruz-Hernandez et. al.
(2007) fed increasing levels of sunflower oil with constant fish oil, they saw attenuated
effects on trans-18:1 and linoleic acids.

Vlaeminck et. al. (2008) incubated DHA with rumen fluid that had either been
adapted to marine algae or not and found adaptation influenced trans-18:1 accumulation.
In ruminal batch cultures of rumen fluid not adapted to algae, control cultures contained
1.1 mg trans-11 18:1 and DHA cultures had 3.9mg/culture trans-11 18:1, indicating DHA
increased trans-11 18:1. However, in marine algae adapted cultures, control cultures had
6.4 mg trans-11 18:1 and DHA cultures contained 4.3 mg trans-11 18:1. This variation
may indicate that other components of algae also lead to elevated trans-11 18:1 or
indicate long term effects of fish oil on trans-11 18:1 production.

Although there is a clear connection between feeding fish oils, specifically DHA,
and the accumulation of trans-18:1 isomers in the rumen, the mechanism of this increase
is not known. DHA may alter known biohydrogenation pathways leading to the increase
in these isomers, or novel pathways may exist that convert DHA into trans-18:1 isomers
(AbuGhazaleh and Jenkins, 2004b).

Trans-18:1 isomers are precursors to bioactive CLA isomers in mammals (Corl et.
al., 2003). Trans-11 18:1 is a precursor of cis-9, trans-11 CLA in humans and rats (Adolf
et. al. 2000 and Corl et. al., 2003). Endogenous cis-9, trans-11 CLA is an anti-carcinogen
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in rats (Corl et. al. 2003). Other CLA isomers also have biological effects. Trans-10, cis12 CLA is associated with milk fat depression in dairy cows and effects fat deposition in
rats (Shingfield et. al., 2010 and Park et. al., 1999). The biological implications of trans18:1 isomers make it important to understand exactly when and how these isomers are
produced.

Effects of DHA on the rumen
In addition to fatty acid changes, feeding DHA can modify other aspects of
ruminant digestion including changes in intake, the rumen composition, and milk
production. Boeckaert et. al. (2008) found decreases in dry matter intake of 7% when
DHA enriched algae was included in the concentrate and 47% when DHA enriched algae
was added directly to the rumen through a fistula. Multiple studies have found fish meal,
algae, and fish oil all decrease dry matter intake (Wright et. al. 2003, Donovan et. al,
2000, and Whitlock et. al., 2002), although Amorocho et. al. (2009) actually saw an
increase in dry matter intake when catfish oil was included in the concentrate.

There are inconsistent effects of fish oil on rumen pH. Amorocho et. al. (2009)
reported cat fish oil decreased the rumen pH and Boeckaert et. al. (2008) reported
supplementing DHA algae had no effect compared to control in experiment 1 but
increased the pH from 6.01 at -2d and 6.28 at 20d in experiment 2. In these same studies,
Amorocho et. al. (2009) reported cat fish oil decreased the acetate to propionate ratio
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while Boeckaert et. al. (2008) reported no difference in experiment 1, but a decrease in
acetate in experiment 2 when DHA algae was supplemented.

Fish oils can have very varied effects on milk production. Boeckaert et. al. (2008)
found that DHA enriched algae decreased milk production 45% when added directly to
the rumen or 10% when included in the diet. This difference may be indicative of a pulse
dose compared to slow addition. Burke et. al., (1997) found increases in milk production
when feeding fish meal. Donovan et. al. (2000) reported that menhaden fish oil increased
milk production at 1% supplementation but decreased milk production when fish oil was
added as 2 and 3% of the diet. Wright et. al. (2003), Amorocho et. al. (2009), and CruzHernandez (2007) all found no effect of supplementation on milk production.

Milk fat and protein production can also be effected by fish oils. Boeckaert et. al.
(2008) found decreases in milk fat yield in cows doses with DHA algae (0.42kg/d)
compared to control (0.94kg./d) and decreases in yield over time after DHA algae
supplementation. Donovan et. al. (2000), Whitlock et. al. (2002), and Cruz-Hernandez et.
al. (2007) all reported decreased milk fat while Wright et. al. (2003), and Amorocho et.
al. (2009) saw no effect. Boeckaert et. al. (2008), Donovan et. al. (2000), and Amorocho
et. al. (2009) saw no effect on milk protein percent, although Boeckaert et. al. (2008) did
report a decrease in protein yield with DHA enriched algae supplementation. Wright et.
al. (2003) reported that milk protein increased as fish meal in the diet increased.
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Overall, these studies indicate fish oils can have varied effects on the ruminal
environment and milk production that may be confounded with other dietary factors.
When fed carelessly fish oils can negatively affect production, but when fed carefully,
fish oils can improve dairy production and herd health.

In an effort to reduce negative effects of fish oils and increase the amount of
PUFA, including DHA, that gets to the mammalian tissues a variety or rumen protection
mechanisms have been employed including creation of calcium salts (CastanedaGutierrez et. al., 2007). Some currently available commercial PUFA calcium salt
supplements include Megalac-R that contains essential fatty acids by Church and Dwight
and StrataG which contains DHA by Virtus Nutrition. The efficacy of calcium salts in
protecting PUFA through the rumen varies. Wu et. al. (1991) found feeding palm oil as
calcium salts decreasing the rate of biohydrogenation from 87% to 57%. CastanedaGutierrez et. al. (2007) found that calcium salts of fish oil didn’t prevent DHA
biohydrogenation, but did prevent other negative effects of fish oil such as decreased dry
matter intake and milk yield.

BIOLOGICAL EFFECTS OF C22 FATTY ACIDS

If DHA undergoes biohydrogenation to C22 PUFA these fatty acids may have
potent biological effects. While more work has been done examining the effects of DHA
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and EPA, some work has been done with other C22 PUFA and biological effects are
apparent.

In a study of type 2 diabetes cases in Sweden, it was found that people with
diabetes had less total PUFA in their erythrocyte membranes than people who did not
have diabetes (Krachler et. al., 2008). Specifically, the percent of C22:5 n-3 was higher
in control cases (2.24%) than in type 2 diabetes cases (2.14%). They also found that
C20:3 n-6 was elevated in type 2 diabetes cases (1.72%) as compared to control cases
(1.56%).

Kishida et. al. (2006) examined effects of DHA, C22:5 n-3, EPA, C20:3 n-6,
C22:4 n-6, C20:4 n-6, linoleic acid, and oleic acid on tumor necrosis factor induced cell
apoptosis. Prevention of apoptosis may be important in the control of degenerative
diseases. DHA, C22:5 n-3, EPA, C20:3 n-6, C22:4 n-6, and C20:4 n-6 all inhibited cell
apoptosis as compared to control (no fatty acid). In this study DHA was most effective at
preventing apoptosis and was the only fatty acid at 48h that actually had more cells
present than at 0h. This paper indicated that although DHA was more potent, C22:5 and
C22:4 fatty acids also have biological implications regarding cell apoptosis.

In an effort to determine which double bonds of DHA are most important in
DHA’s anti-carcinogenic effects, Sato et. al. (2011) examined effects of DHA, cis-7, 10,
13, 16, 19 22:5, cis-4, 7, 10, 13, 16 22:5, and cis-7, 10, 13, 16 22:4 on human colorectal
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cancer cells in vitro. They found that cis-7, 10, 13, 16, 19 22:5, cis-4, 7, 10, 13, 16 22:5,
and cis-7, 10, 13, 16 22:4 had more apoptotic effects than DHA indicating that the Δ7,
10, 13, and 16 double bonds may be more important than Δ 4 or 19 double bonds as anticarcinogens. They proposed that the apoptotic effects were due to lipid peroxidation and
that these effects were attenuated in cancer cells because they lack an enzyme to remove
oxygen. These experiments clearly indicate that C22 isomers other than DHA can have
potent biological effects. Different C22 isomers produced from DHA biohydrogenation
may have significant biological effects and it is important to understand if DHA is
converted into these isomers.

STABLE ISOTOPES

Stable isotopes are non-radioactive molecules that are used as metabolic tracers and can
be traced by their mass. Some commonly used stable isotope tracers are 13C and
deuterium. One or more molecules can be incorporated into the parent compound, and
then any other compounds produced from the parent compound will include the tracer
and have a greater mass than a compound produced from a source that is not labeled. It
is important to understand the predicted biochemistry in order to select the best stable
isotope tracer. For example, when studying desaturase enzymes, it would not be a good
idea to use a deuterium label on the carbon of interest, because the desaturase enzyme
could remove the deuterium from the fatty acid making the fatty acid untraceable. Stable
isotopes have been used in a variety of ruminal batch cultures to identify the products and
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intermediates of biohydrogenation of several fatty acids including oleic and linolenic
acids (Mosley et. al., 2002, Jenkins et. al., 2006 and Lee and Jenkins, 2011).
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CHAPTER TWO
DOCOSAHEXAENOIC ACID ELEVATES TRANS-18:1 ISOMERS BUT IS NOT
DIRECTLY CONVERTED INTO TRANS-18:1 ISOMERS IN RUMINAL
BATCH CULTURES

ABSTRACT

Pathways of docosahexaenoic (DHA) biohydrogenation are not known; however,
DHA is metabolized by ruminal microorganisms. The addition of DHA to the rumen
alters the fatty acid profile of the rumen and milk and leads to increased trans-18:1
isomers, particularly trans-11 18:1. This study included two in vitro experiments to
identify if the increase in trans-11 C18:1 was due to DHA being converted into trans-11
18:1 or if DHA stimulated trans-11 products from biohydrogenation of other fatty acids.
In each experiment, ruminal microorganisms collected from a lactating Holstein cow
were incubated in 10 ml batch cultures for 0, 6, 24, and 48 h and a uniformly 13C DHA
was added to the cultures at 0 h as a metabolic tracer. Experiment 1 tested 0.5% DHA
supplementation and experiment 2 examined 1, 2, and 3% DHA supplementation to
determine if the level of DHA effected its conversion into trans-11 18:1. In both
experiments, any fatty acid that was enriched with the 13C label was determined to arise
from DHA. Palmitic (C16:0), stearic (C18:0), all trans-18:1, eicosanoic (C20:0), and
docosanoic (C22:0) acids were examined for enrichment. In experiment 1, the amount of
trans-18:1 isomers increased 0.415 mg from 0 to 48 h; however, there was no label in
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trans-18:1 at any time. Docosanoic acid was highly enriched at 24 h and 48 h to 20.2%
and 16.3%. Low levels of enrichment were found in palmitic and stearic acids. In
experiment 2, trans-18:1 isomers increased 185%, 256% , and 272% from 0 to 48 h
when DHA was supplemented at 1%, 2%, and 3%, respectively; however, as in
experiment 1, there was no enrichment of any trans-18:1 isomer. In experiment 2, low
levels of label were found in palmitic and stearic acids. Enrichment of docosanoic acid
decreased linearly with increased DHA supplementation. These studies showed that
trans-18:1 fatty acids are not produced from DHA, supporting that DHA elevates trans18:1 by modifying biohydrogenation pathways of other poly unsaturated fatty acids
(PUFA).
Key Words
Docosahexaenoic acid (DHA), ruminal batch culture, trans fatty acid

INTRODUCTION

Fish oil contains a high amount of unsaturated, bioactive omega-3 fatty acids
including docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA).
Supplementation of DHA has been associated with physiological benefits in many
species. In dairy cows, DHA supplementation has been shown to alter the fatty acid
composition of some parts of the reproductive system and PGF2a secretions, which may,
in turn, improve reproductive efficiencies (R. Mattos et al., 2004). To increase DHA
intake, DHA can be included in dairy rations either as a component of fish meal or as a
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fat supplement. When DHA is injected into the duodenum more DHA is transferred to
milk than when DHA is injected into the rumen, indicating that DHA is hydrogenated in
the rumen (Loor et al., 2005). Feeding DHA can modify the ruminal environment and
decrease dry matter intake, milk production, and milk fat production as well as alter fatty
acid profiles (Boeckaert et al., 2008, Donovan et al., 2000).

It is widely known that ruminal microorganisms eliminate unsaturated 18 carbon
fatty acids such as linoleic (C18:2) and linolenic (C18:3) acids through biohydrogenation;
however, it is not well documented if the same processes occur for longer chain fatty
acids such as DHA (Jenkins et al., 2008). Supplementation of DHA results in increased
levels of trans-18:1, particularly trans-11 18:1, in the rumen (Boeckaert et al., 2008;
Donovan et al., 2000, Cruz-Hernandez et al., 2007). Because of the biological
implications of trans-18:1 isomers, it is important to understand when and how they are
produced. Trans-18:1 isomers are important intermediates of linoleic acid and linolenic
acid biohydrogenation. Trans-10 18:1 is an indicator of milk fat depression in dairy
cows, which is a concern in the dairy industry (Shingfield et al., 2009). Trans-11 18:1
can be converted to cis-9 trans-11 conjugated linoleic acid (CLA) by stearoyl–CoA
desaturase in tissues (Pariza et al., 2001). CLA isomers, including c9t11 CLA, are potent
anti-carcinogens (Pariza et al., 2001).

The mechanism for the increase of trans-18:1 isomers in the rumen when DHA is
supplemented has not been clearly documented. Possibly, DHA is converted into trans-
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18:1 isomers or DHA supplementation enhances trans-18:1 production from other18
carbon unsaturated fatty acid biohydrogenation, or both. Our goal was to determine if
DHA is converted into trans-18:1 isomers or if the increase in trans-18:1 is due to DHA
altering other pathways. To determine this, we used a uniformly 13C labeled DHA in
ruminal batch cultures and looked for the presence of the 13C label in trans-11 18:1
isomers. If label appeared in a fatty acid, it was regarded as an intermediate of DHA
biohydrogenation.

MATERIALS AND METHODS

The rumen in vitro design was adapted from Sayre and Van Soest (1972) and
AbuGhazaleh and Jenkins (2004b). For each set of batch cultures, a novel collection of
rumen fluid was taken from one of two lactating, ruminally-fistulated Holstein cows
being fed 36.5 kg/d of TMR (56.5% corn silage, 3.7% alfalfa hay, 3.7% rye grass and oat
haylage (ensiled hay) mix, and 36% grain mix by weight). Experiment 1 was completed
with a single collection of rumen fluid, while experiment 2 included three separate
collections of rumen fluid, with a novel collection for each replicate. In all cases, the
rumen fluid was strained through two layers of cheesecloth, and then transported to the
lab in a sealed and insulated container. At 0 h, 8 ml of media, 0.4 ml reducing solution,
and 2 ml of rumen fluid were added to screw-capped culture tubes [15cm x 2cm
(experiment 1) or 15cm x 2.5cm (experiment2)] containing 100 mg of substrate. Acids
are produced by ruminal microorganisms and accumulate in batch cultures over time,
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which can interfere with microbial activities including decreased biohydrogenation
(Martin and Jenkins, 2002). In this study, the media used was buffered with 1g/L
ammonium bicarbonate and 8.75g/L sodium bicarbonate in an effort to maintain the pH
and prevent any negative effects of low pH, including preventing a decrease in trans-18:1
production AbuGhazaleh and Jenkins (2004b). The base substrate was composed of
alfalfa pellets (50%), ground corn (48%), soybean meal (22%), soybean hulls (24%),
dicalcium phosphate (2.7%), trace mineral salt (1.2%), and sodium bicarbonate (1.6%),
all ground through a 0.5 mm screen. In both experiments, DHA treatments were added to
the substrate in an injection of ethanol (.5mg DHA in 15µl ethanol in experiment 1 and 1,
2 or 3mg DHA in 90µl ethanol in experiment 2).

For both experiments, DHA

treatments were a uniformly 13C labeled DHA methyl ester purchased from Cambridge
Isotope Labs, Andover, MA or a not labeled DHA purchased from Nu-Chek Prep,
Elysian MN. The 0 h cultures were acidified with 6N HCl immediately prior to the
addition of ruminal microorganisms, and then stored at -15°C to prevent
biohydrogenation. The remaining cultures were flushed with CO2, capped, and incubated
at 39°C. At 6, 24, and 48 h sampling times, the appropriate cultures were acidified with
6N HCl and stored at -15°C.

Chemical Analysis
Whole cultures were analyzed for volatile fatty acids (VFA) or long chain fatty
acids (LCFA). Cultures designated for VFA analysis were thawed and centrifuged at
15780 g, and then 1 ml of supernatant was collected and 100µl 2-ethylbutyric acid
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(86µmol/100ml) was added as an internal standard. The samples were analyzed by gasliquid chromatography (GC) on a Supelco 30m x .25mm x .25µm fused silica capillary
column (Fellner et al., 1997).

Cultures designated for LCFA analysis were lyophilized, then fatty acids were
converted to fatty acid methyl esters (FAME) using a two-step methylation procedure
(Jenkins, 2010). Methyl esters were separated by GC on a 100m x 0.25mm x 0.2um
column (Supelco SP-2560) and detected by a flame ionization detector. Individual
FAME were quantified by comparison to a C17:0 or C19:0 internal standard.

Enrichment of 13C labeling was measured by gas chromatography/mass
spectroscopy (GC/MS) using chemical ionization with methane as the reagent gas. The
FAME samples were separated on a 100m x 0.25mm x 0.2um column (Varian CP7489).
The mass selective detector was set to scan mode, scanning masses between 200 and 420
with a threshold count level of 300. The amount of 13C in each fatty acid was reported as
enrichment, the ratio of 13C to total carbon in the fatty acid. Enrichment was calculated
as {(M+n)/[M+(M+n)] *100} Labeled -{(M+n)/[M+(M+n)] *100}Not labeled , where M is the
molecular ion and n is the number of carbons in the fatty acid (Mosley et al., 2002). The
molecular ion represents the naturally abundant 12C and M+n represents the 13C label.
The enrichment of not labeled cultures was subtracted from the labeled cultures to
account for any background levels of 13C.
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Experiment 1
In experiment 1, treatment groups were 0.5% 13C DHA (L), 0.5% not labeled
DHA (NL), and non fat-added control (CTL). Duplicate cultures were maintained for
each treatment at each time and analysis.

Half of the cultures were analyzed for VFA

and the other half for LCFA.

Experiment 2
In experiment 2, we examined the effects of increasing levels of DHA in batch
cultures. The treatment groups were 1% 13C DHA (1L), 2% 13C DHA (2L), 3% 13C DHA
(3L), 1% Not labeled DHA (1NL), 2% Not labeled DHA (2NL), 3% Not labeled DHA
(3NL), and nonfat added control (CTL).

All cultures were analyzed for LCFA. This

experiment was replicated three times in a randomized complete block design, with
blocks being each in vitro run that started with a fresh collection of rumen inocula.

Statistical Methods
All statistical analysis was completed using SAS 9.2. Fatty acids were
determined to arise from DHA if enrichments differed from zero by t-test (P<0.01). An
ANOVA followed by estimation of least squares means in the GLM procedure using
incubation time and DHA level as sources of variation was used to test time and
treatment effects. Experiment 1 was a completely randomized design with sources of
variation being treatment and time, and experiment 2 was a randomized complete block
design with sources of variation being treatment, time, and replicate (ie. novel collection
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of rumen fluid inocula). In experiment 2, orthogonal contrast statements were used to
determine if there were linear or quadratic effects of DHA supplementation level.
Throughout, a P-value of ≤0.05 was considered to be significant unless otherwise noted.

RESULTS AND DISCUSSION

Experiment 1
Ruminal batch cultures are used as a model of the rumen environment and thus
should reasonably duplicate in vivo fermentation conditions. In experiment 1, there was
an accumulation of VFA from an average of 23 µmol/ml at 0 h to 88 µmol/ml at 48 h
(Figure 1). The increase in VFA in the batch cultures indicates fermentation was
occurring and that the microorganisms were viable. There was no effect of either the
labeled or not labeled DHA on either the concentrations or proportions of VFA,
indicating that the cultures were viable with and without the DHA treatments. Figure 2A
shows that unsaturated fatty acids including linoleic acid, linolenic acid, and DHA
decreased over time in experiment 1. This was accompanied by an increase in saturated
fatty acids, including 18:0 and 22:0 (Figure 2A), and monounsaturated fatty acids (Figure
2B). The shift from unsaturated to saturated fatty acids indicates that biohydrogenation
was occurring in the batch cultures. Combined, the VFA accumulation and
biohydrogenation signify that the microorganisms were active and responded similar to in
vivo.
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Previous studies have shown that adding DHA to the rumen alters the fatty acid
profile in the rumen and in milk, including increased trans-18:1 isomers (AbuGhazaleh
and Jenkins, 2004b; Boeckaert et al., 2008). As expected, there was accumulation of
trans-18:1 fatty acids in the cultures in experiment 1, particularly trans-11 18:1 (Figure
2.2B). The disappearance of DHA and accumulation of trans-18:1 isomers indicate these
cultures are good models for a ruminant being fed DHA and can be used to show if DHA
is converted into trans-18:1 isomers.

Although there was an increase in trans-18 isomers in the L and NL cultures,
there was no enrichment of any trans-18:1 isomer at any time (Figure 2.3). This
indicates that DHA was not a direct contributor to the increase in trans-18:1 isomers in
experiment 1. Additionally, there was no enrichment of oleic (18:1) or eicosanoic (20:0)
acids. These fatty acids are not known to be produced from DHA and the absence of
label is an indicator that the label was not indiscriminately appearing in fatty acids that
are not produced from DHA. Figure 2.3 shows the fatty acid that was found to be
substantially enriched was docosanoic acid (C22:0) which was 16.3% labeled at 48 h.
Known pathways of 18 carbon linoleic and linolenic acid biohydrogenation terminate in
the saturated stearic acid (Lock and Bauman, 2004). The appearance of label in
docosanoic acid may indicate similar pathways of isomerization and saturation occur in
22 carbon fatty acids, resulting in docosanoic acid. In addition to the label in docosanoic
acid, there was less than 0.1% enrichment in palmitic and stearic acids (Figure 2.3).
Experiment 1 results indicate that 0.5% DHA supplementation results in an increase in
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the amount of trans-18:1, but not conversion of DHA into trans-18:1 isomers. Labeled
DHA was saturated to docosanoic acid in experiment 1, which may indicate that DHA
biohydrogenation parallels known biohydrogenation pathways of linoleic and linolenic
acids where double bonds are isomerized, and then eliminated, to produce a saturated
fatty acid of the same chain length as the initial unsaturated fatty acid.

Experiment 2
In experiment 2, three levels of DHA supplementation were tested to determine if
the level of supplementation altered the intermediates produced from DHA, including the
formation of trans-18:1 isomers. Table 1 shows the major changes in fatty acid contents
for CTL, 1% DHA, 2% DHA, and 3% DHA at 0 and 48 h in experiment 2. In all cultures
there were accumulations of saturated fatty acids and decreasing levels of unsaturated
fatty acids in the cultures over time (Table 1). The shift in fatty acid profile indicates that
the batch cultures were viable and the biohydrogenation of fatty acids was comparable to
what would occur in the rumen (Jenkins et al. 2008). In this experiment, DHA
disappeared from cultures at each level of supplementation so DHA products will appear
labeled in these cultures. There was no increase in trans-10 18:1 in this study, which is
consistent with the finding of Vlaeminck et al. (2008), but differs from the findings of
Or-Rashid et al. (2008). The variation in trans-10 18:1 could be due to feeding pure
DHA rather than fish oil, the impact of other confounding dietary components, or a time
lag in the effect of DHA on trans-10 18:1. Vlaeminck et al. (2008) saw differences in
trans-10 18:1 in rumen fluid that was adapted to marine algae for 21d but not when pure

33

DHA was added to cultures for 24h. This supports either a lag in effect on trans-10 18:1
or confounding effects of other marine algae components. The changes in the fatty acid
profile are typical of ruminal contents and support that these cultures were an adequate
model of rumen activity and were capable of determining products of DHA in the rumen.

Trans-11 18:1 accumulated in all cultures over time with higher accumulations
associated with higher levels of DHA supplementation (Figure 2.4). AbuGhazaleh and
Jenkins (2004b) previously reported a correlation between DHA supplementation and
trans-11 18:1; however, were not able to identify the source of the trans-11 18:1. If
DHA is a source of trans-11 18:1 then enrichment of trans-11 18:1 should increase with
level of DHA in this study.

Although there was a positive linear correlation between trans-11 18:1
accumulation and increased DHA supplementation, there was no enrichment of trans-11
18:1 at any time or level of DHA supplementation (Figure 2.5). Additionally, as seen in
experiment 1, there was no enrichment of t6, t8, t9, t10, or t12 18:1 isomers. The batch
cultures were maintained for 48 hours, which exceeds the amount of time a fatty acid
would remain in the rumen and ensures that the lack of conversion of DHA into trans18:1 is not due to time constraints. Whenever a 0 result is recorded it is important to
understand the sensitivity of the techniques and instruments utilized and determine if they
are sufficient to make conclusions about the biology or if they indicate insufficient
measurement techniques. In experiment 2, there was an average of 0.531 mg trans-11
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per culture which was equivalent to an average of 2377669 M and M+18 isotope counts
by the mass selective detector. The detector was programmed to record all counts above
300 which would be theoretically equivalent to 0.0126% enrichment or 0.067 µg labeled
trans-11 18:1 in the average trans-11 18:1 peak. Based on this level of sensitivity, it
seems reasonable to conclude that as no label was detected, DHA was not converted into
trans-11 18:1 in this experiment. This confirms the results of experiment 1, that DHA
causes an increase in trans-11 accumulation in ruminal batch cultures, but it is not a
direct contributor to the increase. Instead, DHA is altering the rumen processes, perhaps
by altering the microorganisms that are present, or altering the reaction pathways, or
both, ultimately resulting in an increase in trans-11 18:1.

In addition to trans-18:1 fatty acids, oleic, linoleic, linolenic, and eicosanoic acids
were examined and were not enriched at any time or level of DHA (data not shown). As
in experiment 1, palmitic and stearic acids were enriched less than 0.1% (Figure 2.6).
Although the enrichment of stearic acid was statistically significant, the biological
implications are limited. The highest enrichments were found at 48h, when there was
3.03mg of stearic acid in the 3% DHA cultures, and that stearic acid was 0.09% enriched.
In these cultures there was a potential for stearic acid to become 43% enriched at 48 if all
of the DHA that disappeared had been converted to stearic acid. Multiplying the amount
of stearic acid by the enrichment, <0.003 mg of the stearic acid was calculated to be
derived from DHA, which would be equivalent to <0.10% of DHA being converted to
stearic acid. The authors are not aware of any known pathways where ruminal
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microorganisms shorten the carbon chain length of a fatty acid and don’t believe that the
slight levels of enrichment of stearic and palmitic acids found in these experiments are
substantial enough to conclude that these pathways exist.

Docosanoic acid was 12.7% labeled at 48 h in the 1% DHA supplemented
cultures; however, there was a linear decrease in docosanoic acid enrichment as DHA
supplementation level increased (Figure 2.6). At high levels, Kim et al. (2000) found that
linoleic acid inhibits its own biohydrogenation, and AbuGhazaleh and Jenkins (2004a)
noted decreased percent disappearance of DHA and EPA with increased
supplementation. Although DHA was lost at each supplementation level in this
experiment, the amount of DHA that disappeared by 48h decreased from 95% at 1%
DHA to 63% at 3% DHA. The decrease in docosanoic acid enrichment, combined with
the decreased percent loss of DHA, indicates DHA biohydrogenation is inhibited when
DHA levels are high.

These studies examined several levels of DHA supplementation at extended time
points and conclusively determined that under these conditions, ruminal bacteria do not
convert DHA to trans-18:1 isomers. The batch culture design is ideal to measure the
culture contents precisely, ensuring true measures of inputs and products; however, there
are some constraints. The cultures accumulate products which could contribute to
feedback inhibition. The cultures are highly buffered to enable the microorganisms to
grow for extended periods of time without waste product removal. These cultures only
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looked at the effects of time and level of DHA and did not examine confounding effects
of other fat or carbohydrate sources. As such, these cultures are conclusive that under
these conditions the microorganisms do not convert DHA to trans-18:1, but cannot
conclude that under other circumstances ruminal microorganisms are not capable of this
conversion.

Although there are differences between batch cultures and the rumen, several
inferences can be drawn from this study about the effects of DHA on a ruminant animal.
Although DHA is not converted into trans-18:1 isomers, it does result in an increase in
these isomers. An increase in trans-11 18:1 will lead to increases in cis-9 trans-11 CLA
in tissues. This study found no conversion of DHA into trans-10 18:1 which may
indicate that DHA directly does not cause milk fat depression, but instead other
components of fish oil, or interactions between DHA and other feed components are
responsible for the drop in milk fat production such as those reported by Whitlock et al.(
2002). Understanding the mechanisms and pathways involved in ruminal
biohydrogenation of fatty acids is essential to developing and implement feeding
strategies that produce the desired fatty acid composition and beneficially impact milk
production. That DHA is not directly converted into trans-11 18:1 and instead is
otherwise affecting its synthesis is an important step in elucidating the pathways of trans11 18:1 formation and the pathways of DHA biohydrogenation.
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CONCLUSIONS

These experiments indicate that, although DHA supplementation results in
increased levels of trans-18:1 fatty acids, DHA is not directly converted into trans-18:1
isomers. Docosanoic acid is produced directly from DHA. As DHA is converted into
docosanoic acid, it may be hydrogenated in a manner that resembles known
biohydrogenation pathways of linoleic and linolenic acids. If this is the case, there are
likely a myriad of 22 carbon unsaturated fatty acids with unknown biological activity
produced from DHA in the rumen.
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Chapter 2 Tables

Table 2.1: Experiment 1 mg fatty acids. The changes in amount of fatty acid
(mg/culture) when no fat was added (CTL), and 1, 2, or 3% DHA was added to cultures
of ruminal microorganisms in experiment 2. CTL values are a mean of three replicates
and DHA added values are a mean of three replicates where not labeled DHA was added
and three replicates where 13C labeled DHA was added to the cultures. P-values indicate
an effect of diet, time, or an interaction between diet and time (P-value<0.05).
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0
Fatty acid
c14:0
c14:1
c15:0
c16:0
c16:1
c18:0
t6,t8 18:1
t9 18:1
t10 18:1
t11 18:1
t12 18:1
c18:1
c18:2
c20:0
c18:3
c22:0
DHA

0h
0.05
0.05
0.17
1.38
0.04
2.34
0.03
0.02
0.05
0.15
0.04
0.71
0.94
0.04
0.19
0.03
0.00

48h
0.77
0.11
0.69
1.81
0.07
4.49
0.05
0.03
0.02
0.38
0.06
0.33
0.15
0.07
0.05
0.04
0.00

DHA Level (%)
1
2
0h 48h 0h 48h
0.06 0.73 0.06 0.72
0.06 0.11 0.05 0.12
0.21 0.65 0.21 0.75
1.63 1.75 1.60 1.71
0.05 0.07 0.05 0.07
2.87 3.56 2.76 3.13
0.04 0.09 0.04 0.10
0.02 0.07 0.02 0.08
0.06 0.10 0.06 0.07
0.18 0.59 0.18 0.81
0.05 0.12 0.05 0.13
0.84 0.48 0.81 0.57
1.07 0.14 1.04 0.12
0.05 0.06 0.05 0.05
0.22 0.04 0.23 0.05
0.04 0.05 0.03 0.04
0.71 0.03 1.41 0.20

3
0h
0.06
0.06
0.21
1.66
0.05
2.91
0.04
0.03
0.05
0.18
0.05
0.84
1.08
0.05
0.23
0.04
2.19

48h
0.75
0.12
0.63
1.72
0.07
3.03
0.10
0.08
0.07
0.90
0.13
0.62
0.14
0.05
0.04
0.04
0.89
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SE
0.017
0.0021
0.022
0.030
0.0028
0.066
0.0054
0.0018
0.013
0.035
0.0023
0.016
0.017
0.0014
0.0030
0.0013
0.065

Diet
NS
NS
NS
NS
NS
<.0001
0.0004
<.0001
NS
<.0001
<.0001
<.0001
NS
NS
NS
0.0116
<.0001

P-value
Time Diet x Time
<.0001
NS
<.0001
NS
<.0001
NS
0.005
NS
0.001
NS
<.0001
<.0001
<.0001
NS
<.0001
<.0001
NS
NS
<.0001
NS
<.0001
<.0001
<.0001
NS
<.0001
NS
0.0284
0.0144
<.0001
NS
0.0072
NS
<.0001
0.0007

Chapter 2 Figures

Figure 2.1: The accumulation of total VFA in experiment 1 cultures over time. Points
represent no fat (CTL), 0.5% not labeled DHA (NL), or 0.5% 13C labeled DHA (L) was
added to cultures of mixed ruminal microorganisms. Each point is the mean of two
replicates and pooled standard errors are shown.
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Figure 2.2: Changes in mg fatty acids in experiment 1 at 0 and 48h. A: The experiment 1
changes in stearic, oleic, linoleic, docosanoic, and docosahexaenoic fatty acids at 0 and
48 h when 0.5% 13C labeled DHA is added to cultures of mixed ruminal microorganisms.
B. The changes in trans-6/8, trans-9, trans-10, trans-11, and trans-12 C18:1 fatty acids at
0 and 48 h when 0.5% labeled DHA is added to cultures of mixed ruminal
microorganisms. For both A and B each bar is the mean of two replicates and pooled
standard errors are shown.
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Figure 2.3: The 13C enrichment of palmitic, stearic, trans-18:1, oleic, eicosanoic, and
docosanoic acids at 0 and 48 h in experiment 1 0.5% 13C DHA cultures. Enrichments
were detected in palmitic, stearic, and docosanoic acids (P-value <0.05). Each bar is the
mean of two replicates and pooled standard errors are indicated.
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Figure 2.4: The mg of trans-11 18:1 fatty acid that accumulated in ruminal batch cultures
over time in experiment 2. Points represent no fat (CTL), 1% DHA, 2%, DHA, or
3%DHA was added. CTL data points are a mean of three replicates and DHA added data
points are a mean of 3 replicates where not labeled DHA was added and 3 replicates
where 13C labeled DHA was added. Pooled standard errors are shown.
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Figure 2.5: Experiment 2 enrichments of trans-11 18:1 at 0 and 48 h by level of DHA
supplementation in experiment 2. There was no significant enrichment at any time (Pvalue <0.05). Each data point is a mean of three replicates and pooled standard errors are
indicated.
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Figure 2.6: Experiment 2 enrichments of palmitic, stearic, and docosanoic acids at 48 h as
level of DHA increased from 1 to 3%. Each point is a mean of three replicates and
pooled standard errors are shown.
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Figure 2.7: The amount of DHA that was present in experiment 2 cultures at 0 and 48 h
by level of DHA supplementation. Each bar is the mean of three replicates where not
labeled DHA was added and three replicates where 13C labeled DHA was added. Pooled
standard errors are shown.
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CHAPTER 3
DOCOSAHEXAENOIC ACID BIOHYDROGENATION
INTO 22 CARBON FATTY ACIDS

ABSTRACT

Docosahexaenoic acid (DHA) disappears from the rumen indicating that it is converted
into other compounds; however, there is limited information on the identity of these
compounds. In this study batch cultures of mixed ruminal microorganisms were injected
with 0, 0.5, or 1% DHA and incubated for 0, 6, 24, or 48h to determine if pathways
similar to linoleic acid biohydrogenation were responsible for the decrease in DHA. Two
experiments were completed. The first experiment (experiment 1) was designed to
determine if unsaturated 22 carbon fatty acids appeared in ruminal batch cultures
containing 0 (CTL), 0.5 (0.5NL), and 1% (1NL) DHA and used only not labeled DHA.
The second experiment (experiment 2) used the same treatments but also included 0.5
(0.5L) and 1% (1L) uniformly 13C DHA and was used to determine if DHA undergoes
biohydrogenation to C22 isomers. Cultures were lyophilized and fatty acids were
analyzed by GC and GC/MS to determine masses and incorporation of the 13C label. In
Experiment 1with 0.5 % added DHA, up to 2 isomers of C22:5, 4 isomers of C22:4, 5
isomers of C22:3, and 5 isomers of C22:1 appeared in 6, 24 or 48h cultures. In 1% DHA
cultures, up to 5 isomers of C22:5, 6 isomers of C22:4, 5 isomers of C22:3, and 3 isomers
of C22:1 were isolated in 6, 24, or 48h cultures. No isomers of unsaturated 22 carbon
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fatty acids were identified in cultures when DHA was not added. Over time, the isotope
profiles changed from 55% C22:5 at 6h to 35% C22:3 and 29% 22:1 at 48h. All C22
isomers were found to contain the 13C label identifying them as being produced from
DHA. The time course appearance of 13C C22 isomers indicate that biohydrogenation of
DHA in ruminal batch cultures occurs by pathways of isomerization and hydrogenation
resulting in a variety of unsaturated 22 carbon intermediates.

INTRODUCTION

There are high levels of unsaturated omega-3 fatty acids including
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) in fish oil. These fatty
acids have been associated with physiological benefits in a variety of species. Fish oils
are included in dairy rations as either a component of fish meal or as a fat supplement.
Fish oils have been shown to alter PGF2α secretions in dairy cows, which may improve
reproductive efficiencies (R. Mattos et al. 2004). Some commercial fish oil supplements
are marketed based on their abilities to minimize biohydrogenation; however, many of
them still have substantial losses of DHA. Biohydrogenation pathways of DHA have not
been reported or confirmed.

Ruminal microorganisms including Butyrivibrio fibrisolvens hydrogenate
unsaturated fatty acids such as oleic, linoleic, and linolenic acids in order to remove the
double bonds that inhibit growth of many ruminal microorganisms (Maia et. al., 2007).
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Early reported pathways of biohydrogenation indicated sequential isomerization and
hydrogenation steps involving few intermediates (Hartfoot and Hazelwood, 1988). More
recently, studies have identified multiple intermediates of both linoleic and linolenic
acids, indicating that the pathway involves more complex isomerization and reduction
steps than initially proposed (Shingfield et. al., 2010 and Lee and Jenkins, 2011).

Linoleic and linolenic acid biohydrogenation intermediates have a variety of
physiological benefits. Conjugated linoleic acid (CLA) isomers have been identified as
having anti-carcinogenic, anti-obesity, and milk fat depression effects (Pariza et al.,
2001, and Shingfield et. al, 2010). Fish oils also have a variety of physiological effects
including improved reproductive efficiencies, vision, and mental health (Sinclair et. al.,
2002). Considering that DHA, linoleic, and linolenic acid biohydrogenation
intermediates have such biological effects, it seems likely that if DHA is hydrogenated in
the rumen, intermediates of DHA biohydrogenation could also have biological effects.

Since DHA is known to disappear from the rumen, and biohydrogenation
pathways are known for other poly unsaturated fatty acids (PUFA), it seems likely that
DHA also is eliminated through biohydrogenation. Because of the potential biological
effects of biohydrogenation intermediates, it is important to understand the intermediates
that accumulate in ruminal contents as DHA proceeds through biohydrogenation. The
goals of this study were: first, to determine if we could observe unsaturated 22 carbon
fatty acids in ruminal batch cultures containing DHA, and second, to determine if
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unsaturated 22 carbon fatty acids arise from DHA or are produced by DHA altering other
pathways. To achieve the second goal, a 13C labeled DHA was incubated in ruminal
batch cultures. If the 13C label would appear in another fatty acid, it would be determined
to arise from DHA and be an intermediate of DHA biohydrogenation.

MATERIALS AND METHODS

Ruminal batch cultures were adapted from Sayre and Van Soest (1972) and
AbuGhazaleh and Jenkins (2004b). Ruminal microorganisms were incubated in screw
capped culture tubes (2.5x150cm) containing 250 mg substrate (63% ground corn, 31%
soy bean meal, 2.4% dicalcium phosphate, 1.8% limestone, 1.1% trace mineral salt, and
1.5% sodium bicarbonate) and treatments added in 75µl of ethanol. For each batch of
cultures, a novel collection of rumen fluid was harvested from a ruminally-fistulated
lactating Holstein cow being fed 36.5 kg/d of TMR (56.5% corn silage, 3.7% alfalfa hay,
3.7% rye grass and oat haylage (ensiled hay) mix, and 36% grain mix by weight). At
time of collection, rumen fluid was strained through 2 layers of cheese cloth then
transported to the lab in a sealed container. In the lab, 20ml media, 1 ml reducing
solution, and 5 ml rumen fluid rumen fluid were added to each culture. Cultures were
then flushed with CO2 and sealed with screw capped tubes. Prior to inoculation with
rumen fluid, 1ml 3N HCl was added to 0h cultures. Cultures were incubated at 39°C for
0, 6, 24, and 48h, acidified with 3N HCl, and then frozen at -15°C.
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Two experiments were completed. The first experiment (experiment 1) was
designed to determine if unsaturated 22 carbon fatty acids appeared in ruminal batch
cultures containing 0 (CTL), 0.5 (0.5NL) and 1% (1NL) DHA and used only not labeled
DHA. The second experiment (experiment 2) used the same treatments but also included
a 0.5 (0.5L) and 1% (1L) uniformly 13C DHA. Experiment 1 included 3 replicates in one
batch of cultures. Experiment 2 included 2 batches of duplicate cultures; each batch was
performed using a fresh collection of rumen fluid.

Chemical Analysis
Cultures were lyophilized and fatty acids converted to methyl esters in sodium
methoxide/methanolic HCl reagent as described by Jenkins, 2010. Fatty acid methyl
esters (FAME) were analyzed by gas chromatography (GC) with C19:0 as an internal
standard to quantify individual fatty acids. The FAME samples were separated on a
100m x 0.25mm x 0.2um column (Supelco SP-2560) and detected by a flame ionization
detector.

GC mass spectroscopy (GC/MS) was used to identify the mass of each fatty acid
and determine if the fatty acid contained the 13C label. Fatty acids were separated on a
100m x 0.25mm x 0.2um column (Varian CP7489) then ionized by chemical ionization
with methane as the reagent gas. Twenty two carbon fatty acids were identified by
retention time, quasi molecular ion (M) mass, and M+29 mass. The amount of 13C was
reported as enrichment which was calculated as{(M+n)/[M+(M+n)] *100} Labeled -
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{(M+n)/[M+(M+n)] *100}Not labeled , where M is the molecular ion and n is the number of
carbons in the fatty acid (Mosley et al., 2002). Not labeled cultures were subtracted from
labeled cultures to eliminate any background levels of 13C in the environment.

Statistical Methods
Statistical analysis was completed using the SAS 9.2 software. The effect of time
and treatment on the amount and enrichment of individual fatty acids were analyzed
using an ANOVA followed by estimation of least squares means in the GLM procedure.
The GLIMMIX procedure was used to examine the effects of time and treatment on the
fatty acid profile in cases where the fatty acid profile was examined as a whole instead of
on an individual fatty acid basis. Experiment 1 was a completely randomized design with
sources of variation being time and treatment. Experiment 2 was a randomized complete
block design with time, treatment, and batch (novel collection of rumen fluid) being the
sources of variation. A P-value of ≤0.05 was considered to be significant in both
experiments.

RESULTS AND DISCUSSION

Experiment 1
Batch cultures in Experiment 1 appeared to adequately simulate the microbial
growth in the rumen. Table 1 shows the change in fatty acid composition of the batch
cultures from 0 to 48h and documents a decrease in unsaturated fatty acids (oleic,
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linoleic, linolenic, and DHA) and an increase in saturated fatty acids (palmitic, stearic)
over time, indicating biohydrogenation of fatty acids did occur. At 48h, trans-11 18:1
increased with increasing DHA supplementation (0.85, 1.59, and 1.86mg for CTR,
0.5NL, 1NL, respectively; P<0.05). While trans-18:1 isomers increased, stearic acid
levels at 48h decreased with DHA supplementation (7.91mg with 0% DHA and 4.26 and
4.23mg at 0.5NL and 1NL; P<0.05). These changes are consistent with the in vivo
findings of Boeckaert et. al. (2008) and Donovan et. al. (2000). Klein and Jenkins (2011)
did not find enrichment in trans-18:1 fatty acids when 13C labeled DHA was incubated
with ruminal batch cultures indicating that the increase in trans-18:1 is due to
modifications of other pathways, not direct conversion of DHA to trans-18:1 isomers. By
48h, 95 and 92% of DHA had disappeared from cultures for the 0.5NL and 1NL
treatment groups, respectively indicating biohydrogenation of DHA similar to in vivo or
more complete (Castaneda-Gutierrez et. al., 2007).

Over time, a variety of different 22 carbon fatty acids appeared in the batch
cultures where DHA was added, but not in the control cultures. Figure 3.1 depicts the
number of 22 carbon isomers, by double bonds, seen in the 1NL (A) and 0.5NL (B) DHA
batch cultures over time, indicating that a variety of unsaturated 22 carbon intermediates
are produced when DHA is incubated with ruminal microorganisms. Over time, C22:5
and C22:4 isomers appeared and then disappeared as they were produced and then
converted into other fatty acids. C22:3, C22:2, and C22:1 isomers appeared more slowly
in cultures and persisted. This pattern is consistent with DHA undergoing progressive

54

losses of double bonds via biohydrogenation similar to double bond losses for linoleic
and linolenic acids.

The methodologies used were able to separate many similar PUFA isomers;
however, it is possible that some peaks co-eluted and thus lead to an underestimation of
the number of different isomers present. Additionally, under different pH and substrate
conditions additional isomers may be produced. However, these results indicate a
minimum of 5 isomers of C22:5, 6 isomers of C22:4, 5 isomers of C22:3, 2 isomers of
C22:2, and 5 isomers of C22:1 occurred in ruminal contents under the in vitro conditions
used here (Figure 3.1).

Over time, the profile of C22 isomers present in the cultures changed from 55%
C22:5 and 23% C22:4 at 6h to 35% C22:3 and 29% 22:1 at 48h, reflecting an overall
decrease in unsaturation. There was no effect of DHA level on changes in fatty acid
profile. The mg of 22 carbon fatty acids in the cultures shows a progression of C22:5 and
C22:4 increasing in cultures, followed by increases in C22:3, C22:2, and C22:1 fatty
acids (Figure 3.2). Most of the fatty acids accumulated in relatively unsaturated fatty
acids, with a very small amount being converted to C22:1 and C22:0. This is consistent
with Doreau and Chilliard (1997) and indicates that there is insufficient time,
microorganisms, or enzymes to fully hydrogenate DHA, resulting in accumulation of
intermediates. The number of C22 isomers present and the shift in fatty acid profile over
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time supports the hypothesis that DHA disappears from the rumen through a series of
isomerization and reduction steps similar to linolenic or linoleic acid biohydrogenation.

An additional, but often ignored fatty acid that was affected by DHA
supplementation in this study was ketostearate. Ketostearate increased from 0.10mg with
CTR to 0.50 and 0.54mg at 0.5NL, and 1NL respectively (Table 1; P-value<0.05).
Ketostearate is known to be produced from oleic acid (Jenkins et. al., 2006). The
increase in ketostearate could be due to DHA being converted into ketostearate, DHA
encouraging the conversion of oleic acid to ketostearate, or conversion of trans-18:1
isomers to ketostearate.

Experiment 2
Experiment 2 batch cultures appeared to simulate in vivo microbial growth.
Additionally, the fatty acid profile of the batch cultures shifted over time with decreasing
levels of unsaturated fatty acids (linoleic, linolenic, oleic acids, and DHA) and increasing
levels of saturated fatty acids (C14:0, C15:0, palmitic, stearic, and C22:0) indicating that
microbial fatty acid synthesis and biohydrogenation were occurring in the batch cultures,
imitating the processes that are known to occur in vivo (Table 2). The disappearance of
DHA indicates that it is lost in the cultures, and therefore intermediates should contain
the 13C label.
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Unsaturated 22 carbon fatty acids in experiment 2 shifted from being almost
exclusively DHA (92%) at 0h to only 10% DHA by 48h (table 3). All unsaturated C22
isomers other than DHA increased from 0 to 48h in cultures containing DHA (P-value
<0.05). The C22 isomers appeared in the same pattern as experiment 1, with C22:5 and
C22:4 fatty acids appearing first, followed by C22:3, C22:2, and C22:1 (table 3). An
average of 0.05mg docosanoic acid accumulated in batch cultures containing DHA from
0 to 48h (P-value <0.05). The accumulation of C22 isomers including docosanoic acid
supports experiment 1 data. Additionally, the appearance of these C22 isomers indicates
that if DHA is being converted into these fatty acids, the 13C label should be apparent in
them.

Figure 3.3 shows the enrichment of DHA over time in 0.5L and 1L cultures. The
enrichment was maintained between 93.5 and 97.5 throughout the experiment,
confirming that the label was added to the cultures as intended. Figure 3.4 depicts the
enrichment of other C22 isomers in 0.5L and 1L cultures, grouped by number of double
bonds. All unsaturated C22 isomers were highly enriched, averaging 91% enriched from
6 to 48h, indicating they were produced directly and almost exclusively from the 13C
labeled DHA (Figure 3.4). C22:1 and C22:2 were less enriched at 6h because they were
not consistently present in substantial quantities yet, leading to high variation and
increasing the chance of dilution. Enrichments of these C22 isomers positively identify
that these 22 carbon fatty acids are intermediates of DHA biohydrogenation.
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Docosanoic acid enrichment is also shown in figure 3.4 and increases from 0 at 0h
to 42% at 48h. The docosanoic acid enrichment is lower than the other 22 carbon fatty
acids because not labeled docosanoic acid is present in the cultures at 0h. The presence
of not labeled fatty acid dilutes the label. Because of the numerous double bonds, and
possible inhibitory effects of DHA on biohydrogenation, only a small portion (0.05mg) of
the DHA is completely hydrogenated to docosanoic acid, resulting in persistent
intermediates in the rumen.

To examine if all of the DHA added to these cultures can be accounted for, DHA
recovery was looked at in two ways in these cultures. First, the mg data was examined
by calculating recovery as (mg C22 at xh)/(mg C22 at 0h) *100. The average recovery of
C22 isomers for all DHA treatments fell from 100% at 0h to 75, 72, and 73% at 6, 24,
and 48h respectively. Secondly, the recovery of the 13C label in C22 isomers was
calculated by multiplying the enrichment of the fatty acids measured by the amount of the
fatty acids measured. Again, mg of 13C labeled C22 isomers at 0h was set to 100, and
the recovery of 13C in C22 isomers in DHA cultures fell to 71, 78, and 78% at 6, 24, and
48h respectively. Both recovery measures indicate that a majority of the 13C label was
recovered in C22 isomers; however, some was lost. This lost portion may be in C22
isomers that were not identified due to insufficient sensitivity or co-elution with other
fatty acids such as C23:0 and C24:0 that appear in the same region as the C22 PUFA.
The lost portion could also have been converted to other as of yet unknown metabolites
of DHA.
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To determine if the not recovered portion of DHA was converted into ketostearate
which increased with DHA supplementation in both experiments, ketostearate was
examined for enrichment. Figure 3.5 depicts enrichments at 0 and 48h of stearic acid,
18:1 isomers, ketostearate, and C20:0. There was a very small level (0.2%) of
enrichment found in 18:1 isomers at 0h but not at 48h and stearic acid was not enriched at
0h but was slightly enriched (0.06%) at 48h (P-value <0.01). C20:0 was not enriched at
0h but also had a small amount of enrichment (0.3%) at 48h (P-value <0.01). Klein and
Jenkins, 2011 found similar, very small enrichments in stearic acid and hypothesized that
it could be being produced from a very small amount of 13C C18 contaminate in 13C
DHA. Figure 3.6 is a chromatogram of the 13C DHA used in these studies, which does
not appear to contain C18:1, but may have a very small undetectable amount present.
Ketostearate was not enriched at any time, indicating that it is not produced from DHA
and cannot account for the portion of DHA that was not recovered, even though it is
correlated with DHA.

CONCLUSIONS

DHA undergoes biohydrogenation to C22 unsaturated fatty acids in ruminal batch
cultures. Biohydrogenation of DHA in ruminal batch cultures is not a simple process of
one intermediate as each double bond is eliminated, but includes the production of many
unsaturated 22 carbon fatty acids. There is no conversion of DHA into ketostearate,
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although ketostearate increases with DHA supplementation. Further research is needed
to determine the exact structures of C22 isomer intermediates of DHA biohydrogenation
and to examine the effects they may have on the rumen as well as tissue metabolism in
cows and humans.

60

Chapter 3 Tables

Table 3.1: Experiment 1 mg Fatty acids. Fatty acid accumulation for control, 0.5% DHA
and 1% DHA batch cultures in experiment 1 at 0 and 48h.
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CTR
Fatty acid
0h
48h
C12:0
0.033 0.064
C14:0
0.37
5.6
C15:0
0.82
4.8
C16:0
2.5
3.2
C18:0
4.2
7.9
t6,t8 C18:1
0.056 0.064
t9 C18:1
0.045 0.065
t10 C18:1
0.096 0.18
t11 C18:1
0.24 0.85
t12 C18:1
0.066 0.11
C18:1
1.5 0.64
C18:2
1.8 0.17
C20:0
0.079 0.11
C18:3
0.35 0.056
c9, t11 CLA
0.014
0.0
t10, c12 CLA
0.0 0.031
C21:0
0.0
0.0
C22:0
0.0073 0.035
C22:1
0.065 0.083
C22:3
0.036 0.13
C24:0
0.040 0.058
C22:4
0.018 0.082
C22:5
0.027 0.045
DHA
0.0
0.0
Ketostearate
0.005 0.097
Unknowns
1.3
1.9
Total FA
14
26

Treatment
0.5NL
1NL
0h
48h
0h
48h
0.0 0.058 0.015 0.057
0.52
5.9
0.56
6.1
1.2
5.0
1.3
5.0
2.4
2.8
2.5
2.9
3.5
4.3
3.7
4.2
0.056 0.16 0.046
0.14
0.052 0.19 0.018
0.19
0.10 0.41 0.090
0.39
0.24
1.6
0.21
1.9
0.079 0.29 0.057
0.29
1.6
1.0
1.6
1.1
2.0 0.15
2.1
0.15
0.072 0.084 0.081 0.090
0.39 0.055
0.40 0.053
0.033 0.016 0.032 0.025
0.0070 0.036 0.015 0.019
0.0060
0.0
0.0 0.0036
0.0 0.028 0.0080 0.031
0.050 0.040 0.042 0.058
0.11 0.73 0.053
0.51
0.059 0.055 0.055 0.076
0.097 0.41 0.082
0.62
0.070 0.15 0.0060
0.36
1.1 0.057
2.1
0.17
0.0 0.50 0.011
0.54
1.5
2.4
1.6
2.5
15
26
17
27
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SE
0.0072
0.33
0.33
0.062
0.15
0.0038
0.0056
0.018
0.036
0.0086
0.046
0.043
0.0041
0.0078
0.0043
0.0069
0.0030
0.0072
0.012
0.058
0.0047

P-value
Time
Treatment
0.0039
NS
<0.0001
NS
<0.0001
NS
<0.0001
0.0085
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
NS
0.0155
0.0016
<0.0001
NS
NS
0.0243
NS
NS
NS
NS
0.0023
NS
NS
NS
0.0003
0.0007
NS
NS

0.026 <0.0001
0.037 <0.0001
0.016 <0.0001

<0.0001
<0.0001
<0.0001

0.73 <0.0001

0.0057

Table 3.2: Experiment 2 mg Fatty acids. Fatty acid accumulation for control, 0.5% DHA and 1% DHA batch cultures in
experiment 2 at 0 and 48h.

DHA level (mg)
CTR
Fatty acid (mg)
C14:0
C15:0
C16:0
C18:0
t6,t8 C18:1
t9 C18:1
t10 C18:1
t11 C18:1
t12 C18:1
C18:1
C18:2
C20:0
C18:3
C22:0
DHA
Ketostearate

0h
0.16
0.60
2.8
4.4
0.061
0.030
0.11
0.26
0.077
1.8
1.7
0.089
0.43
0.056
0.0
0.0040

0.5%
48h

0h

2.1
0.15
1.9
0.62
3.1
2.8
7.9
4.4
0.098 0.054
0.055 0.029
0.16
0.10
0.85
0.27
0.13 0.082
0.76
1.8
0.26
2.4
0.10 0.080
0.035
0.43
0.057 0.062
0.0
0.98
0.045 0.0080

P-value

1%
48h

0h

2.4
0.19
2.0
0.67
3.0
2.7
6.5
4.3
0.15 0.052
0.090 0.027
0.24
0.11
1.2
0.27
0.20 0.080
0.83
1.8
0.19
2.3
0.081 0.077
0.053
0.43
0.12 0.058
0.046
1.6
0.13 0.0040

48h
2.2
1.8
2.9
5.7
0.15
0.087
0.18
1.3
0.25
0.95
0.19
0.099
0.052
0.098
0.15
0.21
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SE

Time

0.084
0.081
0.054
0.27
0.0075
0.012
0.041
0.071
0.0061
0.026
0.074
0.0091
0.0087
0.0051
0.054
0.015

<0.0001
<0.0001
0.0026
<0.0001
<0.0001
0.0046
NS
<0.0001
<0.0001
<0.0001
<0.0001
NS
<0.0001
<0.0001
<0.0001
<0.0001

Treatment
NS
NS
0.0194
0.0083
<0.0001
NS
NS
0.0004
<0.0001
<0.0001
NS
NS
NS
0.0005
<0.0001
0.0023

Time *
Treatment
NS
NS
NS
NS
0.0059
NS
NS
NS
<0.0001
<0.0001
0.0223
NS
NS
0.0042
<0.0001
NS

Table 3.3: Experiment 2 mg C22 isomers. Changes in mg of C22 isomers in experiment 2 cultures containing control, 0.5%
DHA, or 1%DHA at 0, 6, 24, and 48h.

Fatty Acid (µg)
Time
(h)
0
6
24
48
0
6
24
48
0
6
24
48

P-value

% DHA
0
0
0
0
0.5
0.5
0.5
0.5
1
1
1
1
SE
Time
Treatment
Time *
Treatment

C22:0
C22:1
C22:2
C22:3
C22:4
C22:5
DHA
56
28
0.0
12
18
29
0.0
59
16
0.0
32
11
33
0.0
63
14
20
34
11
21
0.0
57
41
29
37
16
15
0.0
62
26
4.2
10
23
34
980
59
32
11
23
98
130
400
97
260
59
120
76
65
99
120
280
70
100
48
50
46
58
17
3.8
0.0
45
41
1600
55
35
12
19
130
260
920
61
240
75
190
240
200
290
98
390
92
220
270
160
150
0.0051
0.027
0.0060
0.019
0.026
0.020
0.054
<0.0001 <0.0001 <0.0001 <0.0001
NS
0.0011 <0.0001
0.0005
0.0006
0.0003
0.0029 <0.0001 <0.0001 <0.0001
0.0042

0.0027

NS

0.0147

NS
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NS <0.0001
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Figure 3.1: The number of C22 isomers present in ruminal batch cultures over time. A:
The number of C22 isomers found in 1NL batch cultuers containing 1% DHA over time.
B: The nuber of C22 isomers found in 0.5NL batch cultures containing 0.5% DHA over
time.
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Figure 3.2: Experiment 1 changes in mg C22 isomers (means ± SE) over time.
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Figure 3.3: Enrichment of DHA in experiment 2 batch cultures over time.
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Figure 3.4: Enrichment of C22 isomers in experiment 2 batch cultures over time.
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Figure 3.5: Enrichments of all C18:1 isomers, stearic acid, C20:0, and ketostearate at 0
and 48h in experiment 2.

70

Figure 3.6: Select ion chromatograph of the uniformly 13C DHA utilized in experiment 2.
showing the ions 365 and 343 which are the masses of uniformly labeled and not labeled
DHA methyl esters and 315 and 297 which are the masses of uniformly labeled and not
labeled C18:1 methyl esters. DHA is expected to elute around 45 minutes and C18:1 is
expected around 26 minutes.
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Appendix A
Ruminal Batch Culture In Vitro Media
Table A-1: In vitro Media
Reagent
Peptone from Casein
dH2O
Micromineral Solution
Rumen Buffer Solution
Rumen Macromineral Solution
Resazurine Solution

Weight (g/.5 L dH2O)
2.5g
250ml
.0625ml
125ml
125ml
.625ml

Table A-2: Rumen Buffer Solution
Reagent
Ammonium Bicarbonate
Sodium Bicarbonate

Weight (g/.5 L dH2O)
2.0g
17.5g

Table A-3: Rumen Macromineral Solution
Reagent
Sodium Phosphate, dibasic, anhydrous
Potassium Phosphate, monobasic,
anhydrous
Magnesium Sulfate, heptahydrate

Mass (g/ L dH2O)
5.7g
6.2g
.6g

Table A-4: Micromineral Solution
Reagent
Calcium Chloride, dihydrate
Manganese Chloride, tetrahydrate
Cobalt Chloride, hexahydrate
Ferric Chloride, hexahydrate

Mass (g/100ml dH2O)
13.2g
10.0g
1.0g
8.0g

Table A-5: Resazurin Solution
Reagent
Resazurin

(mg/100ml dH2O)
100mg
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Appendix B
Ruminal Batch Cultures

Example CTR, 0.5L, 0.5NL, 1L, and 1NL, cultures at 24h.
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Appendix C
Enrichment Determination Process
Step 1: Examine total ion chromatograph and identify peaks of interest.
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Step 2: Select ions of interest.
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Step 3: Integrate selected ions.
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Step 4: Record integration results for ion 1.
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Step 5: Record integration results for ion 2.
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